Epidemiological studies of the influence of environmental ultraviolet radiation (UVR) in the development of cataract, pterygium, droplet keratopathies and age-related macular degeneration have produced inconsistent findings. The lack of consistent results may be due largely to either incomplete or erroneous estimates of outdoor UV exposure dose. Geometrical factors dominate the determination of UVR exposure of the eye. The degree of lid opening limits ocular exposure to only those rays entering at angles near the horizon. Clouds redistribute overhead UVR to the horizon sky. Mountains, trees and building shield the eye from direct sky exposure.
Most ground surfaces reflect little UVR. The result is that the highest UVR exposure occurs during light overcast where the horizon is visible and ground surface reflection is high. By contrast, exposure in a high mountain valley with green foliage results in a much lower ocular dose. Other findings of these studies show that retinal exposure to light and UVR in daylight occurs largely in the superior retina.
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The earlier age of onset of cataract in equatorial zones has been a subject of interest for decades, and has led to a number of theories to explain this latitudinal dependence. Although some studies have concluded (and it has long been argued) that exposure of the human eye to UVR plays an etiologic role in the development of ocular diseases, including cataract [1] [2] [3] [4] [5] [6] [7] [8] , this role in cataractogenesis has been questioned by others [9] [10] [11] [12] . Although photokeratitis is unquestionably caused by UVR reflection from the snow [12] [13] [14] [15] [16] [17] [18] [19] , pterygium and droplet keratopathies are less clearly related to UVR exposure 12, 20) . Even more under debate are theories that suggest that UVR and intense light may affect retinal disease 2,12,13,21-23) To answer these questions, far better ocular dosimetry is required. Epidemiologic studies can arrive at erroneous conclusions if assignments of exposure are seriously in error, and assumptions regarding relative exposures have been argued to be incorrect 8, 13) Before one can improve on current epidemiological studies of ocular deceases (or determine the most effective UVR protective measures), it is necessary to characterize the primary sources of UVR exposure to the eye. For more than two decades, my laboratory at the US Army Center for Health Promotion and Preventive Medicine (USACHPPM) has been studying the geometrical exposure factors by measuring UV skylight distributions under different environmental conditions and the impact of different protective measures. Studies were also conducted to determine how outdoor scene luminance (brightness) affects the degree of lid opening in outdoor subjects, and how eyewear affects UVR exposure.
WHAT TO MEASURE?
Our program of environmental UVR measurements was initiated with the goal of how to improve protective measures and to better quantify the UVR exposure of the skin and eye . The first question to be answered was: What part of the terrestrial solar spectrum should be measured? And , what spectral instrument response would mimic any known action spectrum for the adverse effects to be considered? Finally: What direction(s) do we measure with what geometrical field-of-view (FOV) would be relevant to human ocular exposure conditions outdoors. Figure 1 shows the different components of ocular exposure which must be considered . Answering these questions is also critically important in improving epidemiological Figure 1 . More than 50-percent of ambient UVR arrives from skylight scatter and cloud reflection and scatter. One can actually receive a"sunburn" whilst in the shade, if sufficient blue sky is visible. Of ground covers, only snow is highly reflective.
studies. It is therefore fitting to examine what spectral sensitivity and threshold information is known about the different ocular risks.
Lenticular Opacities
As noted previously, the evidence that exposure of the human eye to UVR plays an etiologic role in the development of cataract has continued to evoke some disagreement 1-12) Ultraviolet cataract can be produced experimentally in animals from exposures to UVR of wavelengths between 295 run and 325 nm (and perhaps to 400 nm). Action spectra (revealing the relative hazard of each wavelength) can only be obtained from the laboratory studies, and these have shown that anterior cortical and posterior subcapsular cataract can be produced by intense exposure delivered over a period of days [3] [4] [5] .
At wavelengths less than 290 nm all incident UVR is absorbed in the cornea, and as the wavelength increases to 300 nm, trace amounts of UVR reach the lens, and by 315 rim, the cornea transmits nearly half the incident radiation. UVR is absorbed largely in the lens at wavelengths greater than approximately 340 nm 2-4). Human cortical cataract has been linked to chronic, life-long UV-B radiation exposure 6) and most animal studies 3-5) and suggest that acute cataracts result primarily from UV-B radiation, however, some in vitro biochemical studies suggest that UV-A radiation may also contribute to accelerated ageing of the lens [24] [25] . It should be noted that the wavelengths between 295 and 325 run are also in the wavelength region that increases significantly with ozone depletion. Since there is an earlier age of onset of cataract in equatorial zones, UVR exposure has frequently been one of the most appealing of a number of theories to explain this latitudinal dependence.
Ophthalmoheliosis--The Coroneo Effect
For any greatly delayed health effect, such as cataract, pterygium, or retinal degeneration, it is critical to determine the actual dose distribution at critical locations. A factor of great practical importance is the actual UVR which reaches the germinative layers of any tissue structure. In the case of the lens, the germinative layer where lens fiber cell nuclei are located is of great importance. The DNA in these cells is normally well shielded by the parasol effect of the irides. Since the shortest and most direct pathway of UVR to the inferior germinative area of the lens is from the extreme temporal direction, it has been speculated that side exposure is particularly hazardous 26-28). Coroneo 27) has suggested that focussing of very peripheral rays by the temporal edge of the cornea--those which do not even reach the retina, can enter the pupil and reach the equatorial region as shown in Figure 2 . He termed this effect which can produce a concentration of UVR at the nasal side of the limbus and lens, "ophthalmoheliosis." He argues the more frequent onset of cataract in the nasal quadrant of the lens and the formation of pterygium (described below) in the nasal region of the cornea 26). Figure 3 shows the percentage of cortical cataract which actually first appears in each quadrant of the lens from the data of Klein, et al. in their study of a population in the mid-west of the US, in Beaver Dam, Wisconsin11). This relationship is highly consistent with the Coroneo hypothesis.
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UV Ocular Exposure Figure 2 . The Coroneo Effect. Oblique optical rays from the extreme temporal edge of the cornea can be refracted to pass through the pupil and arrive at the germinative layer of the lens (the equatorial zone). The path length through the absorbing lens is approximately the same as a ray directly through the lens along the optical axis; hence approximately 1% of this oblique, 300-nm radiation will reach the equator [24] . A typical sunglass lens does not block these rays. Figure 3 . Distribution of cortical cataract found in the Beaver Dam Study". There appear to be a five-fold greater likelihood of finding opacities in the inferior nasal quadrant. There was little difference whether or not the estimated exposure was more than or less than the author's estimate of outdoor exposure to sunlight in "Wisconsin Sun Years".
Pterygium and Droplet Keratopathies
Although the acute UVR effects of photokeratitis and photoconjunctivitis clearly result from UV-B reflection from the snow [12] [13] [14] [15] [16] [17] [18] [19] , it is still not clear whether UVR is the principal etiologic factor in pterygium and droplet keratopathies, and how much wind and dust may play a role 20). Pterygium, a fatty growth over the cornea, is common in central Australian and ocean-island residents (where both UVR and wind exposure are prevalent), UVR 12, 20, 27) , and here, the Coroneo Effect may well play a role 27).
Cancers
Cancers arising from chronic exposure to UVR, particularly from UV-B (280-315 nm), have been demonstrated for the skin 4,25,29-30) ; however little is known about the potential contribution of UVR to ocular cancers and ocular melanoma. It is interesting that whilst corneal cancers do occur in cattle, they are almost unknown in humans 32-33). Retinal melanomas are not known to be associated preferentially with the most illuminated retinal zones.
Erythema
Ultraviolet erythema ("sunburn" or reddening of the skin --200 nm to 400 nm) applies to the lids of the eye. This effect appears several hours after an acute exposure and generally lasts from 8 hours to 72 hours depending upon degree exposure and spectral region 34). The ACGIH and ICNIRP guideline for UVR also protects against erythema with an added safety factor for all skin types. The action spectra [34] [35] By contrast with visible light, UVR is very strongly scattered, and the scatter increases greatly with decreasing wavelength. For this reason (known as "Rayleigh Scattering"), the sky is blue. If one could see only in the UV-B spectrum (280-315 run), a clear sunny sky would appear to be a sun barely visible through a very heavy fog or haze; ground shadows would be very fuzzy; green grass (which has a reflectance of only 1%) would appear pitch black; sand and most ground surfaces would appear very dark grey, like an asphalt roadway;
and most UV-B exposure arriving at the face would be from diffuse scatter and not from direct sunlight. The eye's exposure would be totally dominated by ground reflection.
Standing over water, one would see a reflection of the grey sky, and ocular exposure to UVR would be increased. Cumulus clouds would appear darker or lighter than the brilliant "blue" portion of the sky, depending upon direct sunlight exposure. Figure 5 illustrates that the entire field of view reflects the sky's UVR.
Environmental UVR Measurements Our group has also measured the geometrical distribution of environmental UVR. These measurements clearly show that the greater portion of UVR reaches the eye from scatter from clouds and reflections from ground surfaces than from direct sunlight 7,8,13,28) Therefore, directional UVR measurements of limited fields are more relevant in determining the exposure to the eye than the typically reported "global" measurements which describe the spectral irradiance or erythemally effective irradiance falling upon a horizontal "cosine-corrected" diffuser. We also sought to examine those environmental conditions which would cause a high ratio of ultraviolet radiation to out- door luminance. With this information and the characterization of the dependance of the vertical visual field upon luminance, a relationship between the environment and the total UVR exposure to the eye can be found.
Ocular Exposure and the Field Of View Because our earlier studies showed that UVR exposure is not very directional and our lids greatly limit ocular UVR exposure, we had to devise an approach different from that normally employed when measuring sunlight. We approached the problem by deriving a formula that split up the two major components of ocular radiant exposure H: the ground reflection component Hg and the sky radiance source component H,. Each of these components includes a physically determined radiance and a geometrical factor, the solid angle of acceptance determined by lid opening.
H = Hsky + Hground = Hs+Hg
Each component is determined by the brightness of the scene viewed by the eye. This brightness, or radiance L, and the eye's solid angle of acceptance (i.e., field-of-view) in units of steradians (sr) for that portion of each hemisphere in one's total visual field. This approach may sound at first to be an overly complicated way of determining total exposure; however, since the UVR source is our total surrounding and not just a single very small source as the sun by itself, this procedure is essential to avoid substantial errors.
Radiance has units of watts-per-square-centimeter-per-steradian. To better understand the concept of radiance, consider the following example: If you stand in a dark room with one window, the amount of light falling upon your face is quite high when standing at the window, but as you back away, the facial illumination drops greatly. Although the total light (or UVR for that matter) entering the eye and passing through the lens changes greatly, the luminance (brightness) of the outdoor scene does not change. In photography, one actually measures the visible radiance (known as luminance) with a spot meter when determining the proper film exposure. Indeed, it is convenient to calculate the light level falling on one's face by multiplying the luminance or radiance (brightness of the source) by the solid angle of the source (the window) to obtain the illumination or irradiance. This method has the great advantage that one need merely determine the source radiance (e.g., the sky) and then determine the solid angle corresponding to a lid opening, or the field-of-view determined by a headwrap or hat. This is a somewhat similar approach to that used by Rosenthal , and termed the Optical Ambient Exposure Ratio (OAER) 10) The additional factors that we have added are the impact of the greatly reduced solid-angle of acceptance created by squinting and the importance of horizon sky radiance, and whether the horizon sky can be observed. Neither of these new factors affect the outcome of the Chesapeake Bay Waterman s Study, but we feel that an increased risk factor may result from considering this approach for future epidemiological studies.
Measuring the Angle ofAcceptance for Ocular Exposure
Facial features, such as the eyelids, brow ridge, and cheek, function to limit the "aperture" for light and UVR reaching the cornea and lens. While bone structure and other facial characteristics are genetically determined, some attributes such as the degree of eyelid opening vary with environmental lighting conditions. Our studies showed that of theses factors, eyelid opening is dominant in limiting UVR exposure of the anterior structures of the eye. The eyelids react to the visible brightness, or luminance, of the scene being viewed, attenuate the amount of light entering the eye and affects the regional area of the retina being illuminated, but do not reduce the local concentration of light at the retina (the retinal irradiance) in the illuminated area. Because the UV-B arriving at the earth's surface is so strongly scattered, much of the UVR incident on the eye comes from skylight near the horizon. Hence, the lid opening is critically important in determining UV-B exposure of the cornea and lens 8). A correlation between the luminance and the amount of lid closure is needed to determine the amount of UVR which reaches the eye in different conditions.
In pilot studies, it was clear that the upper lid's position varied with scene luminance over a wide range of luminances, but the lower lid did not begin to raise except in the very brightest conditions; hence, only the upper lid position was measured. Initially, we tried to measure lid opening photographically, but found this too difficult and unreliable. Since the upper lid position acts as a "shade" and limits the vertical visual field-ofview (FOV), we designed a simple procedure to measure only the upper limit of the FOV. This permitted us to calculate the upper acceptance angle of light into the eye.
Techniques Used in Measuring Lid Opening
A total of fifty adult subjects took part in this study. Each subject stood at least five minutes outdoors to fully adapt to sunlight prior to measurements of lid opening. To measure the upper FOV angle, an object was lowered from a tall surveyor's pole into each subject's visual field. Each subject stood a fixed distance from the pole and was asked to fixate at a horizontal point on the pole. The angle at which the object was first detected was considered to be the maximum vertical acceptance angle of light reaching the eye. Figure 6 sumarizes the FOV measurement s.
Since the goal of this series of studies was to develop an algorithm for the amount of UVR exposure an average person receives while outside during a lifetime, an attempt was made to model human behavior as accurately as possible. While walking outdoors, most people do not look straight ahead, but down at an angle which averages to approximately 15 degrees and the most important are geometrical factors determined by lid opening and wavelength. A thorough understanding of these environmental and physiological factors are key to any risk assessment of UVR exposure of the human eye and for improved epidemiologic studies. Without a consideration of these factors, subjects could well be assigned to a "greater" rather than "lessor" cohort of exposed individuals Outdoor sunlight exposure over a lifetime generally dwarfs any UVR exposure experienced in an indoor industrial occupational setting, thus it has been particularly important to accurately determine the ocular exposure experienced in the outdoor environment. Although, this determination might appear at first to be quite straightforward, it is unfortunately very complex due to the geometry of exposure and the changing UV spectrum and directions of sunlight. What may at first appear to be obvious with regard to ocular exposure, frequently turns out to be the opposite! The geometrical factors which affect ocular exposure play a major role in determining the nature of any age-related ocular changes where sunlight plays an etiological role. The locations of exposure across the cornea and lens are determined by the palpebral fissure (the lid opening) and horizon sky UVR; and the retinal zones exposed depend upon the lid positions as well. The change in ambient UVR is greatly dependent upon the presence of clouds and the sun's elevation angle which varies not only each hour, but by season. The presence of clouds and haze redistribute the UVR in skylight and can actually increase the UV radiance ("brightness") of the horizon sky (and thereby increase ocular exposure) 13 .M. Although the ambient global measurement of UVR increases with higher altitudes, the horizon UVR within the ocular field-of-view actually decreases. Sky scattering at sea level is very substantial, and although the total UVR is less compared to a high mountain, the horizon-sky UVR radiance increases. 
Radiometric Quantities
The following radiometric quantities may be used in photo-dermatology, and are briefly summarized here: a Irradiance (surface dose rate) and radiant exposure (surface dose) are units specifying power or energy incident upon a plane. These quantities are the dose rate (irradiance) and exposure dose (radiant exposure) that are the most fundamental dose quantities used in all of photobiology. The units most commonly used are W/cm2 and J/cm2, respectively. 1 W = 1 J/s. b Fluence rate and fluence are used in some very sophisticated studies, where the internal surface dose with backscatter is included. These quantities are used correctly most often in theoretical studies of dose distribution and where photochemistry at the molecular level in tissue is enhanced as a result of multiple scattering events in tissue . Unfortunately, these terms are frequently misused to mean -radiance and radiant exposure because the units of W/cm2 and J/cm2 are the same. c Radiance (Irradiance per solid angle) is an important quantity used by physicists in specifying a source. This quantity limits the ability of lenses and reflective optics in concentrating a light source. For, example, a xenon-arc lamp has a very high radiance and its energy can be focussed to produce a very high Irradiance on a target tissue. By contrast, a fluorescent lamp tube has a much lower radiance, and its energy cannot be focussed to a high concentration. The units are W/(cm2sr). d Radiant Intensity (power per solid angle) is used to indicate how collimated a light source really is. Although useful for specifying searchlights, it normally has very limited use in photobiology. The units are W/sr. e Spectral quantities (units per wavelength) are used for specifying the energy, power or irradiance per wavelength interval. When calculating a photobiologically effective dose the spectral quantity must be multiplied by the action spectrum. Examples: spectral radiant power, spectral irradiance, spectral radiant exposure, etc. The units for each quantity are modified by adding "per nanometer," e.g., W/cm2 becomes W/(cm2nm). f Photon (Quantum) quantities (units of photons) are used primarily in theoretical studies, and in photochemistry. In this case the radiant exposure is specified in photons/cm2 and irrradiance is specified in photon/(cm2s).
